Nitric Oxide (NO•) is a small radical, which mediates multiple important cellular functions in mammals, bacteria and plants. Despite 
Introduction
We have recently developed a novel class of genetically encoded fluorescent NO• probes, called the geNOps 1 . These sensors consist of a simply built, bacteria-derived, NO• binding domain 2 , which is conjugated to a distinct fluorescent protein (FP) variant 3 (cyan, green or orange FP). NO• binding to the non-heme iron(II) center 4 within the geNOps instantly reduces the fluorescence intensity 1 . Importantly, the geNOps fluorescence recovers rapidly and fully when intracellular NO• levels decline 1 . Accordingly, geNOps allow real-time imaging of (sub)cellular NO• fluctuations. Although the NO• sensing mechanism of geNOps remain unclear so far, they have proven to be excellent NO• reporters, and thus have the potency to open up a new era of polychromatic, quantitative NO• bioimaging with high spatial and temporal resolutions 1, 5 . Other available fluorescent NO• probes are based on small chemical compounds, which need to be loaded into cells, and are irreversibly modified by NO• 6 . Additional disadvantages of NO• sensitive small fluorophores are their potential cytotoxicity and relatively low specificity which make it difficult to use them in a reliable, analytical and conclusive manner 7, 8, 9 . Although the effective usage of genetically encoded fluorescent probes requires efficient gene transfer techniques, FP-based genetically encoded sensors have emerged as indispensable tools that have revolutionized our understanding of the inner functioning of cells 10, 11 . Before the development of the single FP-based geNOps, a Förster resonance energy transfer (FRET)-based NO• sensor, referred to as NOA-1 12 , was constructed. Sato et al. designed this sophisticated probe that consists of two subunits of the NO•-sensitive soluble guanylate cyclase (sGC), both conjugated to FRET-based sensors reporting cyclic guanosine monophosphate (cGMP) levels 12 . As this probe responds to cGMP, it only indirectly senses intracellular NO• fluctuations 12 . Although NOA-1 responds to NO• elevations in the nano-molar range, this tool has not been used frequently so far, probably due to limitations regarding the availability and practicability of this bulky bipartite sensor.
Versatile functions of NO•, which impact fundamental biological processes have been well characterized 13, 14 . Many studies proved that the NO• concentration within cells and subdomains determines cell fate in health and diseases 14, 15, 16 . In mammalians, NO• is mainly generated enzymatically in various cell types by the well characterized nitric oxide synthase (NOS) family 17 . So far, three isoforms of NOS have been described 18, 19, 20 ; these are the Ca 2+ /calmodulin-dependent endothelial NOS (eNOS or NOS-3) 18 and neuronal NOS (nNOS or NOS-1) 19 , and the Ca 2+ /calmodulin-independent constitutively active inducible NOS (iNOS or NOS-2) 20 . Moreover, the existence of mitochondrial NOS (mtNOS) has also been suggested 21 . However, mtNOS is considered as a splicing variant of nNOS, and is therefore not separately classified as an isoform 21 . Another isoform, apart from those in mammalian cells, is the so-called bacterial NOS (bNOS), mainly found in gram-positive bacteria . The cationic amino acid L-arginine is the substrate that is converted to L-citrulline upon NO• production 17 . In addition to the highly regulated enzymatic generation of NO•, it has been postulated that the radical can be reduced non-enzymatically from nitrite pools by mitochondria under hypoxic conditions 23 . Once NO• is produced within a cell, it can freely diffuse through biomembranes 14, 15 . However, the very short half-life of this radical is mainly determined by the environmental conditions, and various pathways and chemical reactions efficiently degrade NO• levels 24 . Eventually, the formation, diffusion, and degradation of NO• depends on diverse environmental parameters which determine the effective concentration of the highly biologically active molecule 24 .
The geNOps technology allows the direct detection of (sub)cellular NO• fluctuation 1 and is therefore suitable to reinvestigate, and newly discover the mechanisms responsible for the buildup and decomposition of cellular NO• signals. Here, we provide simple protocols and representative results for the usage of geNOps to visualize exogenously evoked and endogenously generated NO• profiles, on the level of individual cells. Moreover, the geNOps technology can be adapted for application in other cell model systems to study the complex patterns of NO• formation, diffusion, and degradation in response to diverse cellular stimuli and stresses. -containing buffer which consists of 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM D-glucose, and 10 mM HEPES. Adjust the pH to 7.4 using NaOH as described in step 1.1.
Protocol

Preparation of Chemical Buffers and Solutions
Prepare a Ca
2+
-free buffer which consists of the same ingredients as listed in step 1.2. Use 1 mM EGTA instead of 2 mM. 4. Solubilize Fura-2AM in DMSO to obtain a 1 mM stock solution. Aliquot the stock solution in tightly sealed vials and store at -20 °C for up to one month. If frozen, allow the stock solution to equilibrate at room temperature for at least 1 hr protected from light. Dilute the Fura-2AM stock solution into 1 ml storage buffer (step 1.1) to obtain a final concentration of 3.3 µM. 5. Prepare 1 ml of a 100 mM histamine stock solution in distilled water (pH 7.0). Dilute the 100 mM histamine stock solution in 100 ml Ca 2+ -containing physiological buffer to a final concentration of 100 µM histamine. 6. Solubilize Nω-Nitro-L-arginine (L-NNA) in 100 ml of calcium-containing physiological buffer to obtain a final concentration of 300 µM. Store the solutions at 37 °C water bath for at least 1 hr until the L-NNA is completely dissolved. 7. Solubilize 10 mg NOC-7 in distilled water (pH 7.0) to obtain a 10 mM stock solution. Aliquot the stock solution in small aliquots in tightly sealed vials and store immediately at -70 °C. Dilute the NOC-7 stock solution in a physiological buffer to obtain a final concentration of 10 µM NOC-7. NOTE: NOC-7 is a small chemical compound which spontaneously releases NO with a short half-life. Always prepare the working buffers that consists NOC-7 just prior to each experiment. 8. Make a 1 mM sodium nitroprusside (SNP) solution in a physiological calcium buffer and prepare a 10 µM dilution.
NOTE: Always prepare small amounts (~10 ml) of NO-donor solutions because of the rapid degradation rate. 9. Prepare a phosphate buffered solution (PBS) consisting of 137 mM NaCl, 2.7 mM KCl, 9.2 mM Na 2 HPO 4 , and 1.5 mM KH 2 PO 4 . Adjust the pH value to 7.44 with NaOH/HCl. NOTE: Do not exceed or reduce the optimal incubation time as this might affect the responsiveness of the NO• probes. 7. Wash cells once with storage buffer and incubate each well with 2 ml storage buffer for at least 2 hr at RT in order to allow the cells to equilibrate. 8. Replace the storage buffer with 3.3 µM Fura-2AM in 1 ml storage buffer for 45 min at RT, protected from light. 9. Wash cells twice with storage buffer and incubate, once again for at least 30 min in order to allow cells to equilibrate.
Cell Preparation
NOTE
Live Cell Imaging of NO• and Ca 2+ Signals in Individual Cells
1. Fix a 30 mm cover slip coated with EAhy.926 or HEK293 cells (from step 2.1) in a metal perfusion chamber and place it on the microscope. Connect the influx tube to the buffer reservoirs and the efflux to a vacuum pump. Ensure a consistent flow and avoid draining of the cover slip. 2. Start the gravity-driven perfusion with physiological calcium buffer (from step 1.2) using a semi-automatic perfusion system. NOTE: Such a system consists of buffer reservoirs, respective tubing, magnetic valves that are electronically controlled and a vacuum pump (see Figure 1B) . The flow rate can range from 1 to 3 ml/min, dependent on the height of the perfusion reservoirs. For consistent local drug application, the flow rate of all used reservoirs should be approximately equal. This should be tested prior to imaging experiments. Consider that endothelial cells respond to increased shear stress which can be induced by rigorous perfusion. 3. Switch on the imaging system and allow warm up of all devices for 30 min. 4. Define imaging settings using respective software. Select excitation wavelength 340 nm and 380 nm for fura-2 imaging and 480 nm for exciting G-geNOp. To minimize fluorescence bleaching increase the camera binning to 4 and reduce excitation intensities and exposure times. See also steps 3.6-3.8. NOTE: Imaging settings and parameters depend on the devices used, fura-2 loading efficiency and G-geNOp expression levels. 5. Select the imaging region by moving the xyz-table of the microscope until several fluorescent cells are in the focus. Then define regions of interest (ROIs) via the respective software tool. Draw regions covering several whole single fluorescent cells per imaging field manually. In addition, define a background region of similar size. NOTE: Once images have been acquired and stored ROIs can also be defined newly after the imaging process for further analysis using respective imaging analysis software (see Materials List). 6. Start collecting data on an inverted and advanced fluorescent microscope with a motorized sample stage, and a monochromatic light source.
Alternately excite at 340 nm and 380 nm for Fura-2AM and 480 nm for G-geNOp, respectively. Set respective exposure times so that for all channels, a clear fluorescence signal is detectable over time. See also step 3.4. NOTE: This depends on the intensity of the excitation light and the camera binning. For example, use 15% intensity of the excitation light, a camera binning of 4 and 150 ms for 340 nm, 50 ms for 380 nm, and 300 ms for 480 nm. See also step 3.4. 7. Collect the emitted light at 510 nm for fura-2/am, 520 nm for G-geNOp using a charge-coupled device (CCD) camera with appropriate filter set consisting of the 500 nm exciter, a 495 nm dichroic and a 510-520 nm emitter. Record one total frame every 3 sec. 
Representative Results
Visualization of Single-cell NO• Profiles in Response to Transiently Applied NO Donors
We used an HEK cell clone which stably expresses G-geNOp (Figure 1A) , in order to visualize NO• signals on the single cell-level in response to two different NO-liberating small chemical compounds, NOC-7 and SNP. The NO• donors were consecutively applied to and removed from cells during imaging using a gravity-based perfusion system that ensured continuous flow ( Figure 1B) Figure 1D) . However, 10 µM SNP induced only 50% of the cellular NO• signal (9.63 ± 1.05%, n = 3/38) that was reached by 10 µM NOC-7 (18.10 ± 1.20%, n = 3/38, p < 0.0001). In order to achieve equal intracellular NO• levels with both NO• donors, a concentration of 1 mM of SNP was required (Figures 1C, 1D ).
Next, we tested the capacity of freshly prepared versus expired NOC-7 to elevate intracellular NO• levels in HEK cells. For this purpose, we prepared four experimental buffers containing 5 µM NOC-7. The NO• donor was either added freshly just prior to measurement, or kept within reservoirs for 1 hr, 2 hr, and 3 hr at room temperature prior to measurement. The different buffers were consecutively applied to and removed from the G-geNOp expressing cells using a perfusion system (Figure 2B ). This approach unveiled the stability of aqueous NOC-7 solutions which, as expected, showed decreased capacities over time to elevate intracellular NO• levels (Figures 2A, 2C) . Interestingly, NO• signals recovered significantly faster upon the removal of expired buffers, as compared to the intracellular NO• response that was evoked by fresh NOC-7 ( Figure 2C) , perhaps indicating adhesion of the intact NO•-liberating molecules at cellular components.
Simultaneous Visualization of Ca 2+ and NO• Signals in Single Endothelial Cells
In order to study Ca µM Nω-Nitro-L-arginine (L-NNA) prior to measurement (n = 12/3). Cells were treated with 100 µM histamine in the presence of 2 mM Ca 2+ . (F) Average curves representing cytosolic NO• signals in response to 1 µM ATP followed by a second cell stimulation with 100 µM ATP. Bars represent mean values ± SD of maximal G-geNOp signals in response to 1 µM ATP (white bar) and 100 µM ATP (green bar) of 4 independent experiments; p < 0.001 vs. 1 µM ATP. P-value was calculated using an unpaired t-test. Please click here to view a larger version of this figure.
Discussion
Since the discovery of NO• as an important signaling molecule in biology 28 , the specific real-time measurement of the radical in single cells, tissues and whole animals with high resolution in a feasible and reliable manner has been aspired. Here we report the application of recently developed genetically encoded fluorescent NO• probes (geNOps) that enable exact live-cell imaging of NO• signals using wide-field fluorescence microscopy (Figures 1 and 2) .
Although the stably expressing HEK cell clone probably originates from a single cell, a broad heterogeneity of G-geNOps expression levels was observed (Figure 1) . This is a common feature of stable cell clones as the transcription of the (genome-integrated) gene of interest is under the control of many factors such as diverse environmental stresses 31 that influence cell growth rates 32 , and the cell cycle status 33 . The single FPbased geNOps are non-ratiometric probes and, hence, the NO•-induced loss of fluorescence intensity increases with the geNOp expression level 1 . Accordingly, normalization of the geNOps signals is essential for quantifying cellular NO• signals particularly in case of a comparative analysis. As shown in our recent study, a strict linear correlation between the basal fluorescence intensity of geNOps and the strength of the NO•-induced fluorescence quenching over a broad range of fluorescence intensities has been found 1 . This is an important feature of geNOps for absolute quantification of cellular NO• signals. As shown in Figure 1 , normalization of the G-geNOps signals in response to NOC-7 and SNP revealed homogeneous NO• signals in different HEK cells from the same plate, indicating that HEK cells are not diverse with regards to their capacity to take up and degrade the NO• radical that originates from the NO• donor. In contrast, using geNOps in HeLa cells demonstrated clear heterogeneities of cellular NO• signals among different cells in response to NOC-7. These differences point to cell type-specific NO• metabolism and decomposition rates, which might have multiple implications in cell physiology and pathology, and can be uncovered using the geNOps technology.
Nevertheless, two important features of geNOps have to be considered carefully for the correct usage of the sensors and data interpretations: i) geNOps require adequate iron(II) to fully respond to NO• 1 and ii) depending on the FP variant, geNOps can be pH sensitive 1 .
Here we describe a protocol that has been found to be suitable for the nontoxic iron(II) supplementation of geNOps, which are expressed in either HEK, HeLa or EA.hy926 cells (see Protocol 2.6). While it has been demonstrated that cell treatment with iron(II)/vitamin C did not affect cell morphology, cell viability and metabolic activity of cells 1 , it might be essential to optimize this important step for other cell types and tissues. However, in some experimental conditions, the requirement of iron(II) loading might limit the applicability of geNOps. Notably, it has been shown that ascorbate can reduce NO• 35 and ascorbate-iron(II) complexes are able to scavenge NO• 36, 37 . Moreover, excess iron(II) and ascorbate can induce inflammatory responses 39 and uncouple eNOS 41 . Such effects need to be considered when using the geNOps technology. It has been shown that under certain experimental conditions, the intracellular pH is affected significantly 34 , which has the potential to influence the geNOps fluorescence Here we describe the practicable application of G-geNOp expressing HEK and EA.hy926 cells to visualize exogenously and endogenously generated cellular NO• signals on the single-cell level and in real-time on a conventional wide field fluorescence microscope. Our data imply that geNOps are suitable to specifically track (sub)cellular NO• dynamics under various experimental conditions using all kinds of interesting cell types.
